The enzyme disaggregatase (Dag) from Methanosarcina mazei was studied immunochemically. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of purified Dag under reducing and nonreducing conditions revealed a single band with a 94-kDa molecular mass. Dag was found to be immunogenic in rabbits; a polyclonal antibody probe was prepared and used to detect the enzyme by slide immunoenzymatic assay, immunofluorescence, and immunoblotting in various species ofMethanosarcina known to convert from packets to single cells, including M. mazei. The enzyme could not be detected in other members of the family Methanosarcinaceae that do not convert. By immunogold electron microscopy, Dag was mapped to the cell wall of packets and to the cell membrane of single cells of two M. mazei strains.
Within the domain Archaea (archaeobacteria) (20, 21) , members of the family Methanosarcinaceae constitute one of the few groups of microorganisms that exist as multicellular forms (2, 3) . It has been reported that with changes in the culture conditions, some Methanosarcina spp. can convert from multicellular to unicellular forms (1, 18, 22) . This conversion has been described at the cellular level as part of a life cycle that includes the sequential appearance of increasingly large packets of cells held together by an intercellular connective material and aggregates of packets, succeeded by disaggregation with the appearance of single coccoidal cells (15) .
Recently, it was reported that when Methanosarcina mazei undergoes conversion from packets to single cells, the enzyme disaggregatase (Dag) is released into the culture medium (10, 23) . Dag could be a critical factor in the mechanism underlying the morphologic changes of M. mazei and might be used as a temporal marker to analyze the cell cycle at the molecular level. There is evidence that Dag hydrolyzes the extracellular connective material; therefore, it is believed to play a role in the mechanism of packet disaggregation.
The immunochemical characteristics of Dag and its presence and ultrastructural location in M. mazei are reported here. It is proposed that this enzyme is a distinctive marker of strains endowed with the capacity to convert from packets to single cells that distinguish them from strains that do not convert.
MATERIALS AND METHODS
Cultures and Dag preparation. Methanosarcina cells were grown in 100-ml serum bottles containing 50 ml of S6-2 alpha medium at 370C and 1 atm (101.29 kPa) N2-C02 (80: 20) following published procedures (1, 14, 22) with minor modifications.
Isolation and purification of Dag was done as described previously (23) . Culture supernatants of M. mazei cells were * Corresponding author.
harvested, ammonium sulfate precipitated, and then passed through DEAE and carboxymethyl ion-exchange columns. The N-terminal amino acid sequence was determined with an Applied Biosystems 477A Protein Sequencer and was found to agree with results published previously (23) .
The protein concentration of the samples used for the quantitative slide immunoenzymatic assay (SIA), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), immunoblotting, and rabbit injection for immunization was determined by the bicinchoninic acid protein assay reagent (Pierce Chemical Co., Rockford, Ill.) in accordance with the manufacturer's instructions.
Polyclonal antibody probes and preparations for SIA and IIF. The anti-Dag serum used in this work was prepared by injecting a rabbit once in the neck with 50 ,ug of Dag in 50 1±l of 50 mM succinate buffer (pH 5.4) resuspended in an equal volume with TiterMax R1 (CytRx Co., Norcross, Ga.). A working probe, prepared by diluting 10-3 the serum obtained from the first bleeding 28 days after immunization, was used throughout for immunoblotting and Dag detection by SIA and indirect immunofluorescence (IIF) (light microscopy).
The other antibody probes used were derived, using published procedures (6, 11) , from rabbit antisera raised against five reference Methanosarcina strains: M. barkeri MS, W, and 227; M. mazei S-6; and M. thermophila TM-1. Antibody titers and specificity spectra were determined by applying IIF and SIA, as described previously (4, 11 (19) . The sheets were incubated with various antibody probes for 1 h, washed with Tris-buffered saline, incubated with alkaline phosphatase-conjugated antirabbit immunoglobulin G (Organon Teknika-Cappel, Malvern, Pa.), washed as described above, and incubated in developing solution containing p-nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Stratagene, La Jolla, Calif.).
Electron microscopy. Cells for electron microscopy were first grown to the appropriate growth phase and aggregation/ disaggregation stage, fixed in 1.2% (vol/vol) glutaraldehyde-2% (vol/vol) formaldehyde in 50 mM HEPES (N-2-hydroxyethyl-N'-2-ethanesulfonic acid) buffer (pH 7.0; Research Organics, Cleveland, Ohio) at 20'C for 1 h, and then bloc stained in aqueous 2% (wt/vol) uranyl acetate and embedded in either Lowicryl K4M (Polysciences) LR White or LR Gold (both Marivac, Halifax, Nova Scotia, Canada) resins, using the manufacturer's instructions for dehydration, infiltration, and curing. Thin sections (-60 nm) were cut on a Reichert Ultracut E. Thin sections were mounted on 200-mesh, Formvar-carbon-coated, nickel grids and immunogold labelling was performed.
These grids were treated with 1% (wt/vol) bovine serum albumin (BSA; Boehringer Mannheim, Laval, Quebec, Canada) for 15 min, 20 mM glycine (Sigma Chemical Co., St. Louis, Mo.) for 2 min, and then 2% (wt/vol) skim milk for 10 min, all as blocking agents in 10 mM phosphate-buffered saline (PBS; Fisher Chemical Co.), pH 7.4. Grids were next treated with 1:10-diluted anti-Dag in 1% BSA for 30 min at 20'C and then washed with 0.01% (wt/vol) Tween 20 (Fisher Chemical Co.) in 10 mM PBS for 15 min. Next, the grids were treated with 1:10-diluted protein A-gold (15 min; E-Y Labs Inc., San Mateo, Calif.) for 1 h at 20'C and washed in 1% BSA in 10 mM PBS and again in 0.01% Tween 20 in 10 mM PBS. All of these steps were performed at 100% humidity in a moisture chamber. After immunogold labelling with antiserum diluted 10-1, the sections were stained with 2% uranyl acetate for 10 min at 20'C and then with lead citrate for 1 min and washed. The thin sections were viewed in a Philips EM300 transmission electron micrscope operating at 60 kV under standard conditions with the cold trap in place. (Fig. 1) . When nonreducing sample buffer, i.e., without 2-mercaptoethanol, was used, higher-molecular-mass bands were not detected. Dag antigenicity and antibody specificity were also tested by SIA, using three Dag concentrations over a 100-fold range. Figure 4 shows that the three anti-Methanosarcina antibodies that revealed a 94-kDa band by immunoblotting also gave a positive reaction by SIA, while the antibodies that did not reveal a band by immunoblotting were also negative by this quantitative (and more sensitive) immunoenzymatic procedure, even at the highest concentration of Dag tested.
Specificity of the anti-Dag antibody. Twelve Methanosarcinaceae strains from our collection were tested with the anti-Dag antibody probe by SIA and HF, using whole cells as antigen. The results are shown in Table 1 ; they demonstrate that the antibody recognizes five strains. These five strains, using the proper culture conditions, can convert from packets to single cells. The other strains, which gave a negative reaction, did not convert under similar culture conditions. The three strains whose antibodies recognized Dag (Fig. 3) were in turn recognized by the anti-Dag antibody (Table 1) . Ultrastructural mapping of Dag. The electron microscope immunogold technique was used to show where Dag was located in the cells. Figure 5 shows that both M. mazei S-6 (panel A) and LYC (panel D) contain Dag associated with the cell wall and membrane while in cell packets and with the cell membrane alone in single cells. It is possible that some cell wall material remains attached to the single cells with which Dag is also associated. M. barkeri 227 (panel E) does not show labelling, confirming the results shown by SIA and IIF in Table 1 .
The amount of gold labelling in the packets of both M. mazei strains was higher (Fig. 5A and D) than that in single cells (Fig. SC) . The negative control of M. mazei S-6 in which the anti-Dag antibody was replaced by the same dilution of normal rabbit serum showed insignificant labelling. Controls using only the protein A-gold showed no labelling (Fig. SB) . DISCUSSION M. mazei was initially included in the genus Methanococcus as Methanococcus mazei (2, 12) . After further analysis, including determination of cell wall characteristics, this organism was transferred to the genus Methanosarcina and renamed Methanosarcina mazei (13) . The confusion might have arisen from the fact that the organism grew as two different forms, namely, packets and single cells. This feature among archaeobacteria (lately renamed archaea [20, 21] ) was a novelty at that time. The progress from one form to another was described as a life cycle (15) , and the role of the cell surface in the cell aggregation of M. mazei was emphasized (16) . Although spontaneous disaggregation of M. mazei was reported (8) , the effect of culture conditions on the morphology of Methanosarcina spp. was described not only for M. mazei (2, 22) , but also for M. thennophila (18) .
Chemical analysis of the intercellular material showed that 95% is made up of polysaccharides and the remaining 5% consists of negatively charged peptides that might be responsible for the mutual adherence of adjacent cells (9) . The aggregates of M. mazei may release single cells as a result of the degradation of the intercellular material due to factors such as pH and cation concentration (15) . It has been reported, however, that strain LYC of M. mazei produced an enzyme, Dag, that was released into the medium when conversion from packets to single cells had occurred (10, 23) . 
